We experimentally investigate the formation of self-confined beams in lithium niobate crystals which are doped in the bulk with erbium. Samples have been grown by Czochralski method with erbium nominal concentrations varying in the range 0.0 -0.7 %mol in the melt. The speeds of beam confinement depend on the applied bias and on the beam intensity, as expected, but on the doping level as well. The erbium incorporation influences both the electro-optic coefficient and the photovoltaic field. A very general dependence of the confined beam waist on the refractive index change was experimentally derived, valid now for every lithium niobate crystal, independently on its growing procedure or doping.
Introduction
During the last years, soliton optical beams have been realised in electro-optic materials 1, 2 by means of photorefractive nonlinearity 3 . In presence of very low dielectric relaxation times like in lithium niobate, solitonic beams write almost permanent waveguides 4 , i.e. channels of self-induced refractive-index profiles, able to confine light waves for long time, even months, after the soliton beams have been switched off.
Solitons write volume waveguides at any point of the host material, giving the opportunity of creating 3D optical circuits. Furthermore this technology can provide perfectly single-mode channels, as the refractive index modification is self-induced by light, implying an optimised propagation without appreciable losses. For these reasons soliton waveguides are of great interest; in fact they allow to develop a new family of integrated micro-devices and circuits.
Among the others, active 3D devices can be realised by using photorefractive host media doped with optically active ions. Integrated laser sources have been already realised on the surface of lithium niobate samples, locally doped by erbium and titanium ions by means of thermal diffusion technology. However, to overcome the surface limitation and take advantage of the 3-dimensional nature of the soliton waveguides, homogeneous incorporation of dopant in the volume is indeed required.
Many studies 5, 6, 7 have been carried out on the optical and spectroscopic properties of erbium as it is incorporated in host materials, but only recently a systematic analysis of its influence on the photorefractive response has been performed 8, 9, 10 . In these papers it was demonstrated that volume incorporation of erbium in lithium niobate crystals indeed modifies the electro-optic as well as the photovoltaic coefficients. Thus, we expected an influence of doping on the light self-confinement processes. For these reasons in the present paper we investigate self-confinement of laser beams in erbium doped lithium niobate crystals for applications as optical waveguides.
Sample preparation
Erbium bulk doped lithium niobate crystals were grown by the Czochralski technique, using Zoriented seeds with a pulling rate equal to 3 mm/h and with a rotation rate close to 30 rpm 11 . Erbium concentration in the starting melt composition was chosen to be in the range 0.0-0.7 mol.%. The grown crystal boules were poled in order to be a single ferroelectric domain through the whole volume. By exploiting the X-ray diffraction technique, they were oriented and then cut in slices with the major surface perpendicular to the ̂ direction. Finally the slices were annealed in air for 6 hours at 950 °C and optically polished using a Logitech PM5 lapping machine with standard techniques on the , and ̂ faces. Typical dimensions of the final samples were about 8 mm, along and , and 1 mm along . A selection of samples with five nominal concentrations 0, 0.1, 0.3, 0.5 and 0.7 mol.% was used for the soliton formation.
Experimental setup
A standard setup 4 for photorefractive soliton formation has been considered, as shown in fig.1 . The continuous (CW) beam from a green laser (wavelength λ=532 nm) was focused onto the input face of the investigated samples, in order to propagate light along the crystallographic direction, with a polarisation parallel to the crystal -axis (extraordinary polarisation). A constant input intensity of 14.7 W/cm 2 (±3%) was ensured for all testing experiments. A static electric field was applied along the ̂ direction for bias, whose value was varied between 15 and 40 kV/cm in a systematic mode in order to define its role in the self-confinement dynamics. At the output of the sample, a lens imaged the output plane of the crystals on a CCD camera with a magnification equal to 22. Images were recorded as function of time by a PC and best fitted in real time using a 2D Gaussian algorithm.
Self-confinement measurements
The experimental set-up was tested with undoped samples grown by both Crystal Tech LTD and Padova University, applying 30 kV/cm of static bias as a standard value for self-confinement 4 . The application of the external bias ensures the self-confining evolution of the beam because of the screening nonlinearity [12] [13] . In fact, according to the general photorefractive theory, photo-generated charges produce a local "space-charge field" able to screens the external bias. This electric screening will generate a local increase of the refractive index (by means of the electro-optic effect)
acting as a self-induced waveguide for the beam itself. In fig.2 the self-confinement dynamics is represented by reporting the beam waist w(t) at the output face, as calculated by the Gaussian fit procedure, as function of the recording time. The beam initially becomes astigmatic, with a fast focusing along the crystallographic -axis direction, and then it becomes more circular, self-focusing along the -axis direction as well. Such a result confirmed previous experiments 4 on soliton formation in undoped lithium niobate.
We performed the same test with doped samples: the self-confinement regime was obtained for all of them as shown in fig.3 . In these cases, however, the astigmatism seems weaker than that one observed in undoped crystals, and generally the final self-confined state was reached faster. confinement process: in fact at fixed applied electric field the formation is faster for all erbium concentrations than for undoped samples. Such a trend can be described by using a phenomenological equation derived from the KukhtarevVinetskii theory 14 . In particular by defining τ L as the limit formation time for high values of the external applied field E ext and introducing suitable fitting constants a and b respectively, the confinement time τ can be expressed as follows:
By fitting the experimental formation time curves measured by exploiting the previously described show the error bars).
In fig.6 the waists of the final self-confined beams are reported for different concentrations and applied biases, which remain almost constant within the experimental errors. 
Photovoltaic field measurements
The photovoltaic field may play an important role in lithium niobate for self-focusing and selfconfinement effects, since it was demonstrated that the photovoltaic field mainly induces defocusing, based on which dark solitons have been observed [15] [16] . In order to explain the role of the erbium content in the self-confinement dynamics and eventually to define the effect of the photovoltaic field, we performed similar experiments of the self-confinement without external bias.
In such case the build up of the internal electric field due to the photovoltaic current is not more compensated by the external bias and a refractive index modification by the electro-optic effect appears. As a consequence the beam gets an induced diffraction from which the photovoltaic field can be quantified [17] [18] . The induced diffraction in a 0.3mol% erbium doped sample is shown in fig.7 . Even if the beams look distorted, Gaussian shapes can still be considered for the transverse intensity distributions. Thus, following the Nippus-Claus 18 theory, the beam waists w(t) will enlarge according to the relation: (2) where w 0 is the initial beam waist and w max is the limit value for t→∞ while k is connected to the dark σ d and photovoltaic σ PV photoconductivities through the relation:
where ε 0 and ε 33 are the dielectric constant in vacuum and the component of the dielectric tensor in the propagation direction respectively. Using equation (2), the refractive index changes and consequently the photovoltaic electric fields can be derived for each sample: where L is the sample length and E PV is the electric field built up by the photovoltaic effect (photovoltaic field). For each erbium doping concentration a specific value of r 33 was used according to the interferometric measurement performed 10 and here reported in fig. 8 . By fitting the induced diffraction measurements, the dependence of the photovoltaic field on the erbium concentration has been derived, as shown in fig.9 . The photovoltaic field value for the undoped sample has been fixed to 10 5 V/m from literature 15, 16, 19, 20 . Also the photovoltaic field seems to show a parabolic trend when erbium concentration is varied, as it was found for the selfconfinement time constants. Fig.9 Experimental measurement of the photovoltaic field for different doping levels.
Discussion
The refractive index change for lithium niobate is generally given by the relation 21 :
where I is the ratio between the beam and the background intensities. It is worth mentioning that the erbium doping was found to influence both the electro-optic and the photovoltaic effects: the electro-optic coefficient r 33 decreases when increasing the erbium concentration 9 . This was mainly related to the modification of the crystallographic elementary cell 19 , whose dimensions decrease as well. In this work we report that the photovoltaic field instead decreases of about 20% for erbium concentrations up to 0.3-0.4 mol% with respect to the undoped case and then increases again.
Further experiments are in progress in order to explain this phenomenon whose origin is still unclear. Analysing the experimental data obtained, we can observe that the self-confinement time constants monotonically decrease when increasing the external bias ( fig. 4) but, fixing it, the dependence on the concentration is parabolic as well. The fastest formation speed corresponds to the lowest photovoltaic field (occurring at 0.3 mol% of erbium doping, as shown in fig.9 ).
From the final beam waists ( fig.6 ) it is quite evident that the external bias determines the final dimension of the beam, which can be slightly modified by the different photovoltaic fields that take place for each erbium concentration.
Thus we can conclude that the erbium doping induces a stronger effect in the photovoltaic field than in the electro-optic coefficient r 33 . Both of them decrease for doping until 0.3 mol%, but the percentage of decrease is stronger for the photovoltaic field (about 20%) than for r 33 coefficient (about 5-6%). Thus, even if the electro-optic efficiency decreases the self-confinement is still possible: indeed the self-confinement becomes even more efficient, due to the strong reduction of the photovoltaic defocusing field. suggest that by varying the doping level, the self-confined beams will form with parameters that will satisfy a specific position on such a curve. 
